Background/Aims: An upright T-wave in lead aVR (aVRT) has recently been reported to be associated with cardiovascular death and mortality among the general population and patients with prior cardiovascular disease (CVD). However, evidence for the predictive ability of aVRT in patients with chronic kidney disease is lacking. Therefore, a hospital-based, prospective, cohort study was conducted to evaluate the predictive ability of an upright aVRT for the short-term prognosis in incident hemodialysis patients. Methods: Among 208 patients who started maintenance hemodialysis, 79 with preexisting CVD (CVD cohort) and 129 with no history of CVD (non-CVD cohort), were studied. An upright and non-upright aVRT were defined as a wave with a positive deflection in amplitude of ≥ 0 mV and a negative deflection in amplitude of <0 mV, respectively. The endpoint was all-cause death. Results: Overall, the prevalence of an upright aVRT was 22.6% at baseline. During the mean follow-up period of 2.1 ± 1.0 years, 33 deaths occurred. Cumulative survival rates at 3 years after starting dialysis in patients with an upright and non-upright aVRT were 50.0 and 80.7%, respectively, in the CVD cohort and 92.0 and 91.3%, respectively, in the non-CVD cohort. In the CVD cohort, mul- tivariate Cox regression analysis showed that an upright aVRT was an independent predictor of death after adjusting for confounding variables. Conclusion: Among Japanese hemodialysis patients at high risk for CVD, an upright aVRT seems to be useful for predicting death.
Introduction
Although the mechanism of cardiorenal syndrome has been elucidated in considerable detail over the past decade [1] , atherosclerotic cardiovascular disease (CVD) remains a leading cause of death among hemodialysis patients [2] , and their cardiovascular mortality is greater than in the general population [3] . It should be noted that the prevalence of atherosclerotic vascular disease at the start of renal replacement therapy is already high. For instance, angiographic assessment has shown that more than half of the patients with new end-stage kidney disease (ESKD) have significant coronary artery disease (CAD) [4, 5] . Based on this background, the K/DOQI guideline has recommended that nephrologists screen for cardiac disease at the beginning of maintenance dialysis therapy [6, 7] . Because the majority of hemodialysis patients are taken care of in small facilities, simple, easy, and universal surrogate tools for identifying CVD and for the assessment of its severity and prognosis are needed for these patients.
The 12-lead electrocardiogram (ECG) is the gold standard procedure in the diagnosis of ischemic heart disease, and a high frequency of ECG abnormalities is observed in dialysis patients [8, 9] . Lead aVR, an augmented and unipolar limb lead, was constructed to obtain specific information from the right upper position of the heart, including the outflow tract of the right ventricle and the basal portion of the interventricular septum. Although numerous studies have examined the association of T-wave abnormalities with cardiovascular events [10] [11] [12] [13] , the significance of an abnormality of T-wave in lead aVR (aVRT) has not been fully explored. Recently, a retrospective cohort study including 24,270 male veterans whose ECGs were obtained for any clinical reasons evaluated the diagnostic value of an upright aVRT and showed an association between the T-wave amplitude in lead aVR and cardiovascular mortality during a mean follow-up period of 4 years [14] .
However, evidence for its use in chronic kidney disease (CKD) patients has been lacking, and the association between upright aVRT and mortality in CKD patients is unknown. We hypothesized that upright aVRT might be observed with high frequency in ESKD patients at high risk for CVD and that patients with an upright aVRT would have a higher incidence of death, including cardiovascular death. Therefore, this study was conducted to evaluate the predictive ability of an upright aVRT for mortality in ESKD patients.
Materials and Methods

Subjects and Study Design
This was a hospital-based, prospective cohort study involving 308 consecutively hospitalized ESKD patients who started maintenance hemodialysis at Toho University Ohashi Medical Center, Tokyo, Japan, between April 2004 and December 2013. A total of 100 patients were excluded according to the following criteria: (1) patients who died during hospitalization; (2) patients who had a past history of dialysis; (3) the cause of ESKD was acute kidney injury; (4) the cause of ESKD was rapidly progressive glomerulonephritis; (5) the cause of ESKD was nonrenal parenchymal disease; (6) the cause of ESKD was congenital kidney disease; (7) patients who were changed to peritoneal dialysis; (8) patients who discontinued dialysis; (9) patients who received renal transplantation after starting dialysis; (10) patients who moved away just after discharge; (11) patients for whom ECGs were not available; (12) patients with chronic atrial fibrillation; (13) patients with right or left bundle branch block; (14) patients with sick sinus syndrome, and (15) patients who had cardiac pacing or a defibrillator ( fig. 1 ).
The subjects were followed up until December 31, 2013. This study adhered to the Declaration of Helsinki. The Ethics Committee for Clinical Research at Toho University Ohashi Medical Center approved the study protocol (permission No. 13-52 and 13-61). We did not have to obtain consent from the individual patients; however, we posted a note when starting this study, and the patients could express their objections to using their data.
Electrocardiography
At the initial dialysis, standard 12-lead resting ECGs were taken in the resting supine position soon after admission to the hospital, and all ECGs were evaluated before undergoing maintenance hemodialysis. Upright aVRT was defined as a wave with a positive deflection of ≥ 0 mV, and non-upright aVRT was defined as aVRT of <0 mV ( fig. 1 ). The durations of the QRS complex and QT interval were recorded automatically by the ECG machine. The corrected QT (QTc) was adjusted for the RR interval using the Bazett formula (QTc = QT/ √ RR).
Other Variables
The clinical diagnosis of the underlying kidney disease (not necessarily biopsy proven), the presence of diabetes, preexisting CVD and malignancy, and medications used at the time of discharge were recorded. In the present study, CVD included ischemic heart disease that had been diagnosed as acute myocardial infarction (MI), coronary stenosis detected by coronary angiography and treated by percutaneous coronary revascularization (PCI) and/or coronary artery bypass grafting, ischemic stroke, hemorrhagic stroke, peripheral artery disease, and history of macrovascular surgery. Blood pressure was recorded in the supine position, and a blood sample was collected just before the first hemodialysis session. Whole blood was used for measuring hemoglobin, and other biochemical assays were performed using serum samples. Serum albumin, calcium, phosphate, total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), and C-reactive protein (CRP) levels were measured by routine laboratory methods in our hospital. The non-highdensity lipoprotein cholesterol (non-HDL-C) level was calculated by subtracting the HDL-C level from the TC level [non-HDL-C (mg/dl) = TC (mg/dl) -HDL-C (mg/dl)], and serum total calcium was adjusted for albumin using the formula proposed by the Japanese Society for Dialysis Therapy guideline (Payne's formula) if there was hypoalbuminemia (serum albumin <4.0 g/dl): corrected calcium (mg/dl) = total serum calcium (mg/ dl) + [4 -serum albumin (mg/dl)] [15] .
Outcome Data Collection
The outcome of this study was defined as all-cause death. Information about death was obtained from a questionnaire survey of the maintenance hemodialysis facilities or the hospital medical records. The cohort was followed until the end of 2013, and the 3-year survival rate after starting dialysis was evaluated.
Statistical Methods
Data are summarized as numbers, prevalences, arithmetic means ± standard deviation, or medians (interquartile range), as appropriate. Comparisons of prevalence and values between groups were performed by Student's t test and the χ 2 test. In the prospective analysis, the Kaplan-Meier method was used with the log-rank test. Prognostic variables were examined by the Cox proportional hazard models, and hazard ratios and 95% confidence intervals are reported. p values <0.05 were considered significant. The nonlinear effects of continuous independent variables were evaluated using quadratic and log transformations. Separate analyses were conducted for patients with preexisting CVD (CVD cohort) and patients with no history of CVD (non-CVD cohort). All statistical analyses were performed using SPSS for Windows version 20 (IBM, New York, N.Y., USA).
Results
Patients' Characteristics at Baseline
Among the 308 consecutively hospitalized patients who started maintenance hemodialysis, a total of 208 patients were studied, i.e. 79 in the CVD cohort and 129 in the non-CVD cohort ( fig. 2 ) . Overall, the prevalence of an upright aVRT was 22.6% at baseline ( table 1 ) . Although the aVRT amplitude was significantly higher in the CVD cohort, the prevalence of an upright aVRT was not different between the CVD and non-CVD cohorts. Table 2 gives both cohorts' characteristics according to the presence of an upright aVRT at baseline, and shows the comparison among the 4 groups. Significant differences among the 4 groups were noted in age, percentage of males and malignancy, serum phosphate and CRP levels, the use of β-blockers, aspirin, and erythropoiesis-stimulating agents, aVR amplitude, heart rate, and QRS duration. Patients with an upright aVRT in the CVD cohort showed the oldest age, the highest percentage of males, the highest CRP level, the highest aVRT amplitude, and the widest QRS complex. In the CVD cohort, the prevalence of patients with preexisting CVD, including CAD, cerebrovascular disease, peripheral artery disease, and a history of macrovascular surgery, was not different between the upright and the non-upright aVRT groups. 
Follow-Up
At the end of follow-up, 166 patients were alive on maintenance hemodialysis, and the remaining 33 patients died from various causes, i.e. 22 (27.8%) in the CVD cohort and 11 (8.5%) in the non-CVD cohort. The mean follow-up period (mean ± standard deviation) was 2.1 ± 1.0 years in both cohorts.
As seen in figure 3 , the Kaplan-Meier curves showed that patients with an upright aVRT had a higher death rate in the CVD cohort (log-rank test, p = 0.005), but in the non-CVD cohort, cumulative survival was not different between patients with upright and non-upright aVRT (log-rank test, p = 0.857). The cumulative survival rates at 3 years after starting dialysis of patients with upright and non-upright aVRT were 50.0 and 80.7%, respectively, in the CVD cohort and 92.0 and 91.3%, respectively, in the non-CVD cohort. Table 3 summarizes the results of univariate Cox analysis of factors predicting death in the cohorts. Age in the CVD and non-CVD cohorts, the presence of peripheral artery disease and an upright aVRT in the CVD cohort, and the presence of malignancy and serum CRP level in the non-CVD cohort were identified as significant predictors of death. In the non-CVD cohort, an upright aVRT was not associated with death, unlike in the CVD cohort.
Association between an Upright aVRT and Death
Independent Association of an Upright aVRT with Death
Overall, in the CVD cohort, multivariate Cox regression analyses showed that an upright aVRT remained an independent predictor of death after adjusting for confounding variables ( table 4 ). The variables for adjustment in the analysis were age, sex, diabetes, malignancy, and pre-existing CVD, including CAD, cerebrovascular disease, peripheral artery disease, and history of macrovascular surgery. In the non-CVD cohort, as in the univariate model, an upright aVRT was not associated with death in the multivariate model. Values for continuous variables are given as medians (interquartile range). Upright and non-upright aVRT were defined as a wave with a positive deflection in amplitude ≥0 mV and a negative deflection in amplitude <0 mV, respectively. p values between the CVD and non-CVD cohorts.
Discussion
In this study, it was found for the first time that an upright aVRT on ECG was associated with short-term mortality in incident hemodialysis patients with prior CVD; Kaplan-Meier analysis showed a lower cumulative survival rate in patients with an upright aVRT than in those with a non-upright aVRT, and this association remained significant after adjusting for other variables that are well-known risk factors for mortality. These results imply that an upright aVRT on the standard resting ECG, which can be evaluated by a nurse or clinical engineer even in small facilities, may be a useful procedure for predicting mortality in ESKD patients. Values for continuous variables are given as medians (interquartile range). Upright and non-upright aVRT were defined as a wave with a positive deflection in amplitude ≥0 mV and a negative deflection in amplitude <0 mV, respectively. p values across four groups in the CVD and non-CVD cohorts. * p values between two groups in the CVD cohort. SBP = Systolic blood pressure; DBP = diastolic blood pressure; BMI = body mass index; Alb = albumin; Ca = calcium; P = phosphate, PTH = parathyroid hormone; Hb = hemoglobin; RAS = renin-angiotensin-aldosterone system; ESA = erythropoiesis-stimulating agent.
At baseline, the prevalence of an upright aVRT in the total and CVD cohorts was 22.6 and 27.8%, respectively, which was higher than in previous studies. In the general population, an upright aVRT was observed in 2.2% of people [16] , and other studies showed that the prevalence of an upright aVRT was 16.2% in patients with a prior MI [17] and 17.5% in patients with heart failure [18] . We have thought that the prevalence of an upright aVRT would Data for death events in the CVD (n = 79) and non-CVD (n = 129) cohorts. Upright and non-upright aVRT were defined as a wave with a positive deflection in amplitude ≥0 mV and a negative deflection in amplitude <0 mV, respectively. HR = Hazard ratio; CI = confidence interval. Data for death events in the CVD (n = 79) and non-CVD (n = 129) cohorts. Upright and non-upright aVRT were defined as a wave with a positive deflection in amplitude ≥0 mV and a negative deflection in amplitude <0 mV, respectively. HR = Hazard ratio; CI = confidence interval; SBP = systolic blood pressure; DBP = diastolic blood pressure; BMI = body mass index; Alb = albumin; Ca = calcium; P = phosphate, PTH = parathyroid hormone; Hb = hemoglobin.
increase with aging, with an underlying high risk for arteriosclerotic disease, and ESKD patients with older age and a higher incidence of CAD [4, 5] might be no exception. There is some research showing that the prevalence of T-wave abnormalities in general increases with age, being 5.9% at 50 years of age and 16.0% at 70 years of age [16] . Although patients with an upright aVRT in the CVD cohort had the highest age and aVRT amplitude, the prevalence of patients with a history of CAD was not significantly different between the upright and non-upright aVRT groups, and this was thought to be due to the existence of undetected CAD at the start of dialysis, the change of myocardial blood flow after therapeutic procedures including PCI and coronary artery bypass grafting, and the small sample size. Badheka et al. [19] reported that the general population with a higher aVRT amplitude had a higher prevalence of not only preexisting CAD but also heart failure, stroke, hypertension, diabetes, and renal dysfunction. These findings suggest that ESKD patients with an upright aVRT are expected to need further screening for CVD in the prehospital phase. Lead aVR, which gives information from the right upper side of the heart, has been considered to provide reciprocal information from the apical, inferior, and lower lateral regions of the heart. Although the underlying mechanisms explaining why an upright aVRT occurs on the ECG are not identified, it has been suggested that a long left anterior descending artery and multivessel disease, in both cases, along with an ischemically injured myocardium in these areas of the heart, would be expected to make a normally negative T-wave inverted and lead to a flat or positive T-wave [20] [21] [22] [23] . Ayhan et al. [22] suggested that a positive T-wave in lead aVR in patients with anterior ST segment elevation myocardial infarction undergoing primary PCI may be caused by multivessel disease, and Joki et al. [4] evaluated coronary angiography in incident hemodialysis patients and showed that more than half of the patients had significant CAD; it should be noted that >70% of CAD patients had multivessel disease. Therefore, it is possible that an upright aVRT would be associated with multivessel coronary disease in ESKD patients, as shown in previous research.
This study indicated that an upright aVRT would be useful as a predictor of death, especially cardiovascular death, in ESKD patients with CAD. Unfortunately, the information about the cause of death was not available in this study; however, about 36.8% of Japanese dialysis patients die from CVD [2] . Our hypothesis is supported by recent studies that suggested an association between upright aVRT and cardiovascular mortality [14, 16, 17, 19] , especially one study that examined the prognostic significance of an upright aVRT in patients with a prior MI and demonstrated that an upright aVRT was independently associated with increased cardiac death during the follow-up period [17] . Although the reasons why an upright aVRT was not associated with mortality in the non-CVD cohort were not clarified in this observational study, several explanations can be considered. During the 3 years after starting maintenance hemodialysis, a total of 11 (8.5%) patients, of whom only 2 (1.6 %) had an upright aVRT, died from various causes in the non-CVD cohort, and the number reaching the primary endpoint during the short follow-up duration was very small, yielding less statistical power to evaluate the association between upright aVRT and death. Furthermore, in the multivariate Cox proportional hazard model, only a history of malignancy was associated with death, and it was possible that this cohort had a high prevalence of death from other causes not associated with ECG abnormalities.
The limitations of the current study may include an ethnically and socially homogeneous population since the study was hospital-based; therefore, the generalization of our findings and theories might be limited. Second, time-dependent changes in the ECGs, including other lead information, and the risk factors for mortality during the follow-up period were not evaluated. Third, the cause of death was not confirmed, and data of cardiac function were not collected in order to sufficiently evaluate the association between an upright aVRT and cardiovascular death. Therefore, it was unclear at present if an upright aVRT was associated with cardiovascular mortality in this study. Finally, the number of patients both at baseline and those reaching the endpoint was small, yielding less statistical power to see an association between upright aVRT and the outcome.
In conclusion, this single-center, observational cohort study provided evidence that an upright aVRT seems to be useful to predict the short-term prognosis in incident hemodialysis patients with prior CVD. The ECG might be a simple and useful surrogate tool for identifying CVD and for the assessment of its severity and prognosis in ESKD patients, even in small facilities. These findings need to be confirmed in studies with a larger sample size and in a multicenter design. In addition, further investigations are needed to clarify the underlying mechanism for increased cardiovascular mortality in CKD patients with an upright aVRT.
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